Objectives: Assess patient outcomes in patients with suspected infection and the cost-effectiveness of implementing a quality improvement program. Design, Setting, and Participants: We conducted an observational single-center study of 13,877 adults with suspected infection between March 1, 2014, and July 31, 2017. The 18-month period before and after the effective date for mandated reporting of the sepsis bundle was examined. The Sequential Organ Failure Assessment score and culture and antibiotic orders were used to identify patients meeting Sepsis-3 criteria from the electronic health record. Interventions: The following interventions were performed as follows: 1) multidisciplinary sepsis committee with sepsis coordinator and data abstractor; 2) education campaign; 3) electronic health record tools; and 4) a Modified Early Warning System. Main Outcomes and Measures: Primary health outcomes were in-hospital death and length of stay. The incremental cost-effectiveness ratio was calculated and the empirical 95% CI for the incremental cost-effectiveness ratio was estimated from 5,000 bootstrap samples. Results: In multivariable analysis, the odds ratio for in-hospital death in the post-versus pre-implementation periods was 0.70 (95% CI, 0.57-0.86) in those with suspected infection, and the hazard ratio for time to discharge was 1.25 (95% CI, 1.20-1.29). Similarly, a decrease in the odds for in-hospital death and an increase in the speed to discharge was observed for the subset that met Sepsis-3 criteria. The program was cost saving in patients with suspected infection 645.7; 95% CI,667.7). Cost savings were also observed in the Sepsis-3 group. Conclusions and Relevance: Our health system's program designed to adhere to the sepsis bundle metrics led to decreased mortality and length of stay in a cost-effective manner in a much larger catchment than just the cohort meeting the Centers for Medicare and Medicaid Services measures. Our single-center model of interventions may serve as a practice-based benchmark for hospitalized patients with suspected infection. (Crit Care Med 2019; XX:00-00) Key Words: Angus criteria; health policy; hospital death; incremental cost-effectiveness ratio; sepsis; suspected infection S epsis is the leading cause of in-hospital mortality and the most expensive condition treated in United States, consuming more than $24 billion each year (1-3). The Centers for Medicare and Medicaid Services (CMS) mandated the Severe Sepsis/Septic Shock (SEP-1) performance measure in the Hospital Inpatient Quality Reporting Program beginning in July 2015 to help address the high mortality and high cost associated with sepsis (4). The 3-and 6-hour bundles include early resuscitation and timely antibiotics, which are the hallmarks for improving health outcomes in patients with this condition (5). Seymour et al (6) demonstrated that rapid completion of the 3-hour sepsis bundle was associated with improved in-hospital mortality. However, little is known about the cost-effectiveness of implementing the CMS bundle within a health system.
Before the Surviving Sepsis Campaign incorporated a sepsis bundle into their guidelines, substantial differences existed between health systems for protocols in sepsis care, leading to heterogeneity in both process and outcome measures across studies (7) . In addition, prior studies evaluating sepsis protocols mainly incorporated International Classification of Diseases (ICD) codes to identify cases (8) , but the coding frequency for sepsis over the years has changed since awareness and reporting requirements have increased (9, 10) . With the advent of an operational definition for sepsis from the electronic health record (EHR) published by the Third International Consensus Definition for Sepsis and Septic Shock (Sepsis-3) and the mandating of a standardized sepsis bundle by CMS, bias within and between studies may be reduced (11) .
In anticipation of the SEP-1 performance measure, our institution implemented multiple interventions, including an education campaign for the 3-and 6-hour sepsis bundles, a Modified Early Warning System (MEWS) in the EHR, hiring of a sepsis coordinator, provision of real-time physician feedback, and new sepsis order sets and alerts in the EHR to improve adherence. Our study aimed to assess the impact of our health system's interventions on clinical outcomes and their cost-effectiveness across different case definitions for sepsis, including Sepsis-3. We hypothesized that our system's program is associated with a decrease in the case-rate of in-hospital deaths in a cost-effective manner regardless of the case-definition for infection or sepsis.
METHODS

Patient Characteristics and Setting
We conducted a single-center retrospective study of all inpatient adult encounters at a 547-bed tertiary academic health system between March 1, 2014, and July 31, 2017. Eligible encounters included all patients 18 years old or older with suspected infection. The Seymour et al (12) definition for suspected infection was applied to data from the EHR. Specifically, cases were defined as patients who either had an antibiotic administered no more than 24 hours preceding a body fluid culture, or a body fluid culture obtained first with antibiotic administration within 72 hours was defined as having suspected infection. Time of infection onset was defined as the first of these two events. Patients were excluded if they did not meet the criteria for suspicion for infection. In addition, perioperative antibiotic administration, defined as 6 hours before or after the time of entering the operating room, and prophylactic oral antibiotics were excluded from the definition (Fig. 1) .
Sequential Organ Failure Assessment Score Derivation and Sepsis Definition
The Sequential Organ Failure Assessment (SOFA) score at time of onset of infection was calculated as the highest score in the interval from 48 hours before onset of infection to 24 hours after the onset of infection (12) . The following variables for the SOFA score were extracted from the EHR: 1) Pao 2 over the Fio 2 or peripheral oxygen saturation (Spo 2 ) over the Fio 2 if the Pao 2 is not available; 2) platelet count (×10 3 /µl); 3) bilirubin (mg/dL); 4) mean arterial pressure or presser dose; 5) Glasgow Coma Score; and 6) creatinine (mg/dL). If values for Pao 2 /Fio 2 or Spo 2 /Fio 2 were not available in the medical record, it was assumed the patient did not have hypoxic respiratory failure and a score of 0 was assigned. Similarly, bilirubin was missing in 19% of results, and a SOFA score of 0 was imputed for this item as a conservative estimate. All other SOFA criteria had at least 96% of the data available.
To meet Sepsis-3 criteria, a SOFA score change of greater than or equal to 2 after the onset of suspected infection from a baseline SOFA score presumed to be 0 was applied (12) . The following were additional sepsis definitions included in the analysis: 1) implicit ICD codes put forth by Angus et al (13) and 2) the CMS requirements in reporting, which are explicit ICD codes for sepsis, severe sepsis, and septic shock.
Sepsis Quality Improvement Program to Meet CMS Bundle Requirements
The program in our health system was largely implemented during the summer and fall months of 2015, when the new CMS sepsis management bundles were released and before they went into effect in October 2015. Our health center invested in the following resources: 1) provider and personnel time; 2) a system of clinician education regarding the new 3-and 6-hour sepsis bundles; 3) a full time sepsis program coordinator and apportioned a part-time (0.35 time effort) clinical data abstractor; and 4) information technology interventions including a real-time physician feedback system, three order sets (emergency department [ED] , inpatient, initial response to sepsis), and a MEWS for clinical deterioration (14) . The individual elements of the sepsis quality improvement program are detailed in Supplemental 
Analysis of Clinical Outcomes
The time to first antibiotic, calculated by subtracting the time of antibiotic completed from the time of first vital sign recorded, was used as the process measure for meeting the metrics of the CMS bundle because it is the strongest driver for mortality reduction (15) . First vital sign was either from triage in the ED or first recorded in the EHR for direct hospital admissions. Reporting on bundle compliance was provided to CMS on a quarterly basis. Per CMS requirements, our center provided randomly selected cases chosen by CMS from the qualifying cohort of patients that met CMS criteria. During our study period, six quarters were reported with a total of 360 randomly selected eligible cases for audit by CMS. The primary clinical outcome was in-hospital death. Twenty-eight-day free hospital survival was a secondary outcome. In unadjusted analyses, differences from pre-implementation to post-implementation were assessed for statistical significance with Wilcoxon rank-sum tests for continuous variables and chi-square tests for proportions. In multivariable models, the following variables were included for adjustment: age, sex, race, insurance status, Elixhauser comorbidity score (16) , service type, calendar month, and admission SOFA score. Calendar month was added to the model to account for the greater frequency of winter months in the post-implementation period. Adjusted odds ratios (ORs) for the study period associated with in-hospital death were estimated using logistic regression. To assess 28-day hospital-free survival, Cox proportional cause-specific hazard models were used to estimated hazard ratios for time to discharge as the outcome of interest; longer inpatient stays were censored at 28 days, and in-hospital death was considered a competing risk in these models. Patients discharged alive prior to 28 days were assumed to be alive for their remaining days. Incremental increases in admission SOFA score were associated with longer lengths of stay with the greatest change in those with a SOFA score greater than 5 (p < 0.001) (Supplemental Fig. 1 , Supplemental Digital Content 4, http:// links.lww.com/CCM/E807). Additional subgroup analyses were performed in those with an admission SOFA score less than or equal to 5 (n = 10,557; 76.1%), the non-CMS cohort (n = 10,280; 74.1%), and the suspected infection cohort not meeting the Sepsis-3, Angus, or CMS definitions for sepsis (n = 3,796; 27.4%).
Cost Analysis and Effectiveness of Establishing and Implementing the Program
Costs were presented as onetime fixed costs for establishing the program and monthly variable costs for implementing the program. Average compensation rates for the region were used for valuing personnel time costs (Supplemental Table 1 The cost-effectiveness analysis adopted the health systems' perspective. Results from the cost-effectiveness analysis are presented in the form of the incremental cost-effectiveness ratio (ICER) of costs per in-hospital deaths averted. Details on the variables and charges in the equation may be found in Supplemental Table 4 (Supplemental Digital Content 5, http:// links.lww.com/CCM/E808). CIs for the ICER estimate were calculated using 5,000 bootstrap samples. The following scenariobased sensitivity analyses were conducted to further evaluate the cost-effectiveness of the program: 1) addition of providers' time spent receiving training and 2) cost in establishing a program with no onsite clinical expertise in sepsis management or informatics (Supplemental Table 5 , Supplemental Digital Content 6, http://links.lww.com/CCM/E809). Analyses were performed using SAS Version 9.4 (SAS Institute, Cary, NC) and Stata Version 15.1 (StataCorp, College Station, TX). The Institutional Review Board of Loyola University Chicago approved this study.
RESULTS
Patient Cohort Characteristic Pre-and PostImplementation of Sepsis Program
A total of 13,877 admissions to the hospital were suspected of infection during the study period. The proportion of patients with suspected infection who met criteria for sepsis using the Sepsis-3, Angus ICD codes, and CMS ICD codes were 60.2% (n = 8,349), 39.5% (n = 5,483) and 25.9% (n = 3,594), respectively (Fig. 1 ). The differences in baseline characteristics before and after implementation of the sepsis quality improvement program were a decrease in proportion of white patients (59.5% vs 56.9%; p < 0.01), an increase in proportion of patients with Medicaid insurance (17.7% vs 19.1%; p < 0.01), and a lower proportion of patients admitted to a medicine service (79.2% vs 76.3%; p < 0.01) ( Table 1) . Elixhauser comorbidity mortality and readmission scores did not differ between the pre-and post-implementation periods.
Time to Receipt of First Antibiotic Between Pre-and Post-Implementation
In those with suspected infection, the median time to first antibiotics decreased after the sepsis program implementation from 4.1 hours (interquartile range [IQR], 1.9-9.1 hr) to 3.3 hours (IQR, 1.4-6.7 hr) (p < 0.01). In the sepsis groups, the median time to first antibiotic was shortest in the group defined by the CMS criteria with a decrease from 2.5 hours (IQR, 1.1-5.9 hr) to 1.8 hours (IQR, 0.87-3.7 hr) (p < 0.01) followed by the Angus criteria where a decrease from 3.5 hours (IQR, 1.5-8.3 hr) to 2.6 hours (IQR, 1.2-5.5 hr) (p < 0.01) was observed. Last, patients meeting the Sepsis-3 definition of sepsis had a decrease in median time to first antibiotic from 3.6 hours (IQR, 1.5-9.2 hr) to 2.6 hours (IQR, 1.1-5.9 hr) (p < 0.01). The compliance reported to CMS for the 3-and 6-hour bundle during the study period was 75.23% and 41.0%, respectively.
Clinical Outcomes
In those with suspected infection, in-hospital death decreased from 5.1% in the pre-implementation to 3.9% in post-implementation period (p < 0.01). The median 28-day hospital-free days increased pre-and post-implementation from 23 days (IQR, 19-25 d) to 24 days (IQR, 20-25 d) (p < 0.01). In multivariable analysis adjusted for age, sex, race, insurance status, Elixhauser comorbidity score, service type, calendar month, and admission SOFA score, the OR for in-hospital death between post-versus pre-implementation period was 0.70 (95% CI, 0.57-0.86; p < 0.01) in those with suspected infection. Similarly, a decrease in the adjusted odds for in-hospital death was noted for all sepsis group definitions after implementation of the sepsis quality improvement program ( Fig. 2A) . In multivariable competing risk analysis, the hazard ratio for being discharged alive within the first 28 days of hospitalization was 1.25 (95% CI, 1.20-1.29; p < 0.01) from the pre-implementation group to the post-implementation group in patients with suspected infection. An increased rate of discharge was also noted across all sepsis group definitions (Fig. 2B) . In subgroup analyses, the suspected infection cohort with an admission SOFA score less than or equal to 5 had the lowest OR for death at 0.42 (95% CI, 0.24-0.73). A similar improvement in mortality was also found in the non-CMS subgroup, and the subgroup without a sepsis definition only had 11 cases of in-hospital death (0.3%) and did not demonstrate a change in OR for death (Supplemental Table 6 , Supplemental Digital Content 7, http://links.lww.com/CCM/E810).
Cost Effectiveness
The health system invested $130,570 to establish the sepsis program and a $152,660 monthly cost thereafter to maintain the program. Inflation-adjusted hospital charges increased for the suspected infection cohort between the pre-and post-implementation period from $39,560 (95% CI, $23,047-$65,982) to $39,110 (95% CI, $24,425-$70,008) ( Table 2 ). The role of program personnel, regional compensation rates for program personnel, total hours devoted to the sepsis program, fixed costs to establish the program, and variable costs to maintain the program are described in detail in Supplemental Table 1 Similar cost savings were observed in the Sepsis-3 and Angus definition groups, however, the 95% CI in these cohorts included positive ICER in the upper bound ( Table 3 ). The CMS sepsis group had a positive ICER of $100,087.9 dollars per percent point decrease of in-hospital death (95% CI, -403,458.5 to 790,985.6). In subgroup analyses, the greatest cost-effectiveness is shown in those admitted with a SOFA score less than or equal to 5 (Table 3 ). (Table 3) .
DISCUSSION
A concerted effort including coordination of care, clinical decision support in the EHR, and a sepsis education campaign led to quicker antibiotic administration and better health outcomes with lower case-rates of in-hospital death in patients with suspected infection as well as those with sepsis defined by Sepsis-3, Angus, and CMS criterion. Furthermore, cost-effectiveness analyses showed that the program was cost saving for patients with suspected infection, with the 95% CI around the ICERs within the cost-saving boundaries. The practice changes at our center to meet the requirements of the CMS measures affected all adult patients with suspected infection and had the greatest impact on outcomes and cost in those admitted SOFA scores less than or equal to 5.
In examining health outcomes before and after the sepsis CMS care bundles, we first acknowledge that profiling hospital performance is sensitive to case definitions for sepsis, as has previously been shown across U.S. hospitals (19, 20) . The CMS policy changes led to practice changes in our center that affected a much larger catchment in all hospitalized patients with suspected infection. We examined multiple definitions for sepsis so our analysis was less sensitive to changes in coding behavior (21) . With potential delays in diagnosis using the Sepsis-3 definition (22), we focused our primary analysis in all adult patients with suspected infection. Our bundle compliance was similar to other centers that reported to CMS's Hospital Compare website (23, 24) . In all regards, our quality improvement program led to better adherence for early treatment of sepsis indicated by a reduction in time-to-first-antibiotic administration, a hallmark for improving mortality in sepsis care (15) .
The OR for in-hospital death and the hazard ratios for length of stay improved across all case definitions between the pre-and post-implementation periods. Even in the group of patients with suspected infection, we demonstrate similar improvements in health outcomes with the greatest reduction in mortality in those with lower SOFA admission scores. This highlights the benefit of our quality improvement program was greatest in those arriving with less organ dysfunction. No change in mortality was found in the cohort not meeting any of the sepsis definitions, likely underpowered to detect a difference from such few cases. Despite the progress that has been made in sepsis care over the years, we show our health system continued to improve health outcomes after implementation of the quality improvement program designed to adhere with the SEP-1 measures.
The use of sepsis care protocols has previously been shown to be cost-effective in a prospective design across multiple centers in Spain (25) and a handful of retrospective studies in the United States (26) (27) (28) and Brazil (29) ; however, none of these studies are comparable across protocol metrics, and they used older sepsis definitions. Prior estimates in cost for the CMS sepsis measures have ranged between $114,000 and $2,000,000 per year (8) . We provided an estimated fixed and variable costs during both start-up and maintenance periods of the sepsis program that are near the upper limits of what others have reported; therefore, we believe the costs incurred by our health system provide a conservative estimate. In this regard, our results showed that the sepsis program is cost saving to the health system because the program decreased hospitalization charges and decreased inhospital deaths in patients with suspected infection after 2 years of implementation.
The cost-effectiveness of the program changed slightly when we restricted the analyses to different sepsis group definitions; as such, the ICER became approximately $100,000 per in-hospital death averted in the CMS group, which is also within the acceptable boundaries of cost-effectiveness (30) . Nevertheless, the program was implemented in all inpatients with suspected infection and interpreting the ICER for all inpatients with suspected infection would be appropriate. We show the greatest cost-effectiveness in those admitted with less severe organ dysfunction, as demonstrated by an admission SOFA less than or equal to 5. In sensitivity analyses, the CI boundaries of the ICER remained in the cost-saving and cost-effective boundaries even in sensitivity analysis for a naïve health system that may require additional start-up and maintenance investment (31) . Several limitations exist in our study. The results may not represent a causal relationship between our interventions and the decreased odds for in-hospital death due to possible missing confounders. The findings are based on a single-center study at an academic tertiary care center and case-mix, practice behaviors, and management systems may vary substantially from other U.S. centers. The CMS measure does not incorporate the other definitions for sepsis, including Sepsis-3; however, the measure led to practice changes at our center that highlight its beneficial effect in those with suspected infection. Another study also showed positive changes with improvements in bundle compliance after providing a computerized decision support system (32) .
The cost estimates are based on inflation-adjusted charges and may not translate into actual costs or provide direct comparisons for other centers. We used hospitalization charges in our ICER calculations which do not reflect true hospitalization costs or reimbursements. However, our results controlled for insurance status which may account for part of the variation between charges and reimbursements by each insurance carrier.
CONCLUSIONS
In a U.S. healthcare system where performance is increasingly linked to payment and measure development is resource intensive, quality improvement programs have received little attention in the comparative effectiveness literature. We share results from a single-center model of a sepsis quality improvement program designed around the CMS sepsis care bundles to examine patient outcomes and cost effectiveness. Our healthcare delivery model may serve as a benchmark for other institutions to improve health outcomes and provide cost-effective care in patients with suspected infection or sepsis.
